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Defective interfering (DI) RNAs are highly deleted forms of the infectious genome that are made by most families of RNA vi-
ruses. DI RNAs retain replication and packaging signals, are synthesized preferentially over infectious genomes, and are pack-
aged as DI virus particles which can be transmitted to susceptible cells. Their ability to interfere with the replication of infectious
virus in cell culture and their potential as antivirals in the clinic have long been known. However, until now, no realistic formu-
lation has been described. In this review, we consider the early evidence of antiviral activity by DI viruses and, using the example
of DI influenza A virus, outline developments that have led to the production of a cloned DI RNA that is highly active in preclini-
cal studies not only against different subtypes of influenza A virus but also against heterologous respiratory viruses. These data
suggest the timeliness of reassessing the potential of DI viruses as a novel class of antivirals that may have general applicability.

The generation of new or improved vaccines to prevent virus
disease in people, domestic animals, and farmed stock remains

a considerable challenge, as vaccines are not always effective and
viruses have a disquieting ability to become resistant to the limited
range of antivirals currently available. For example, influenza A
virus mutants resistant to oseltamivir appeared very rapidly in the
early stages of the 2009-2010 pandemic (1). There is therefore an
urgent need for more effective measures to control the virus
burden.

It has been suggested that small interfering RNAs (siRNAs),
microRNAs (miRNAs), and synthetic interfering RNAs (RNAi)
may have therapeutic potential (2, 3). The siRNAs are made by
plant and invertebrate animal cells, while miRNAs are encoded by
most eukaryotic cells and some DNA viruses. Both siRNAs and
miRNAs are enzymically excised from larger precursors by cellu-
lar endonucleases and loaded into a RNA-induced silencing com-
plex (RISC). The RISC with its RNA cargo binds pre-mRNA or
mRNA, and either the complex is cleaved by RISC (siRNA) or
translation is inhibited in some other way (miRNA). RNAi mole-
cules act in a similar way when introduced into cells. Defective
interfering (DI) RNAs differ from other interfering RNAs as they
originate from a viral genome and act by competing with viral
genomes for replication and/or packaging. Their capacity to be
packaged provides specific and efficient targeting of DI RNAs,
which cannot yet be achieved for the other inhibitory RNA ap-
proaches, although progress is being made (4). New developments
suggest that a reevaluation of the antiviral potential of DI genomes
would be timely.

DI genomes are made by nearly all viruses and are antiviral by
definition in vitro. In the years following their initial characteriza-
tion, DI viruses were considered to have exciting clinical potential,
but translating in vitro promise into in vivo activity proved prob-
lematic (5). Now, after decades of slow progress, the application of
new techniques is moving the field rapidly forward. In particular,
cloning technology has been applied to influenza virus to generate
a homogeneous population of DI genomes that has afforded a
previously lacking consistency and reproducibility in experimen-
tation. This approach can now inform a search in other virus
systems for DI viruses that may be therapeutically and prophylac-
tically useful. Here, we review the evolution of the field to its

present state, the directions in which it is heading with particular
reference to DI influenza virus, and the implications in general for
the use of DI viruses in the control of human and animal virus
infections.

HISTORY

The interference phenomenon was first reported over a half
century ago by Preben von Magnus in a series of experiments on
the growth characteristics of influenza viruses. During successive
high-multiplicity passages in embryonated chicken’s eggs, a
whole-animal system, von Magnus recognized a rise in the ratio of
virus particle to infectivity that reflected a loss in the yield of in-
fectious virus (6). He referred to the noninfectious particles gen-
erated as “incomplete” virus. This description was remarkably
prescient in the absence of suitable analytical techniques with
which to fully characterize the viruses. The term DI virus was
coined later when molecular studies became possible (7).

DI viruses are virus particles that contain a heavily deleted
version of the infectious genome (i.e., they are defective in one or
more genes) and have the ability in vitro to interfere with, and
diminish the production of, infectious progeny produced by the
infectious virus from which that DI particle originated (7). DI
genomes and DI particles are made by nearly all viruses and may
represent an evolutionarily acceptable by-product of an inefficient
replication process. Alternatively, they may be produced for evo-
lutionary reasons, such as the stimulation of innate immunity
(8–10), that could favor survival of the host species and hence
perpetuation of the virus population itself. Because of its deleted
genome, a DI virus is by definition noninfectious and is replicated
only in a cell coinfected by an infectious “helper” virus, usually the
virus from which the DI genome is derived. This provides the
function(s) that the DI genome lacks and enables the DI genome
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to be packaged into virus particles. A high multiplicity of infection
favors the propagation of DI viruses, as more cells can be infected
simultaneously with DI and infectious viruses. It follows that all
DI genomes retain the molecular signals that permit their replica-
tion and packaging into new DI particles and that the DI genome
is packaged by proteins made by the helper virus. Hence, the prog-
eny DI and helper viruses are antigenically identical.

It is believed that the ratio of DI genomes to infectious ge-
nomes within the cell determines the outcome of infection in the
culture system as a whole. The level of DI RNA that is needed to
establish protection from a particular dose of infectious virus has
only been determined empirically. In one scenario, the DI genome
enters some cells but others have no DI genome. Similarly, some
cells will be infected and others not. Finally, some infected cells
contain both a DI and an infectious genome. When the number of
infectious particles is below the (unknown) threshold, the DI ge-
nome population inhibits the spread of infectious virus to a degree
determined by many factors, including the ratio of DI genomes to
virus genomes in the culture system as a whole and their respective
rates of replication. At a low ratio of DI genomes to infectious
genomes, there is replication of both genome types without inter-
ference and no reduction of specific infectivity or total particles
produced. As the ratio of DI genomes to infectious genomes in the
cell increases, more DI genomes than infectious genomes are pro-
duced, although the total number of virus particles produced is
unaltered. However, here the majority of particles are DI virus.
With an even greater increase in the ratio of DI genomes to infec-
tious genomes, there is a reduction in replication of both DI and
infectious genomes and a fall in the total number of particles (DI
virus and infectious virus) produced. In essence, this is a race
between the amplification of the DI RNA, which leads to the pro-
duction of more DI virus and the establishment of more DI virus-
protected cells, and the spread of infectious virus. When the DI
RNA “wins,” clinical disease is inhibited and the animal is pro-
tected.

Analysis of DI genomes from single-stranded RNA viruses has
allowed them to be classified into four main types (11). The “sim-
plest” form of DI RNA comprises a deletion of the majority of the
infectious genome (which can be over 90%) while retaining the
original termini (Fig. 1, section i). A version of this has repeated,
rearranged, or further deleted sequences flanked by the original
termini. A second form (Fig. 1, section ii) comprises an authentic
5= terminus and an inverted repeat of the same terminus at the
other, while between the termini is a genome constituted as shown
in Fig. 1, section i. A third form, known as a copyback DI RNA,
contains a variable length of the infectious genome and an authen-
tic 5= terminus followed immediately by an inverted repeat of
some of that sequence and the 5= end (Fig. 1, section iii). Last,
there is a snapback DI RNA comprising a single authentic termi-
nus but with an inverted repeat of almost all the sequence (Fig. 1,
section iv). The last two DI RNAs have the potential for a high
degree of double strandedness when not complexed with nucleo-
protein that would prevent base pairing.

A significant complexity for these early analyses was that DI
viruses produced by high-multiplicity-of-infection passage varied
from preparation to preparation and consisted of a complex mix-
ture of different DI genome sequences (12, 13). These mixtures
inevitably contained defective genomes that did not interfere effi-
ciently (or indeed at all) with the replication of the helper parental
virus and genomes that interfered extremely well (14–16). This

uncontrollable heterogeneity frequently meant that promising
evidence of in vivo antiviral activity could not be reproduced.

Early investigations failed to detect DI genomes in vivo, and it
was commonly believed that they were solely artifacts of the lab-
oratory. However, with the advent of genome amplification tech-
niques, including most recently deep sequencing, putative defec-
tive and/or defective interfering genomes have been identified in a
number of human infections, including those with dengue virus
(17), hepatitis B virus (18), hepatitis C virus (19), hepatitis A virus
(20), and influenza A virus (21). Defective genomes have also been
isolated from hepatitis A virus-infected marmosets (20) and from
infectious hematopoietic necrosis virus-infected trout (22). In ad-
dition, it appears likely that DI influenza A virus and DI dengue
virus can be transmitted from person to person (21, 23). It was
further argued that infectious dengue virus mixed with DI dengue
virus has a higher transmission potential than that of infectious
virus alone. An understanding of the role(s) of DI genomes in the
evolution of viruses and their infections has attracted much spec-
ulation over the years and remains very much a work in progress.

ROLE OF THE HOST CELL IN THE DI VIRUS PHENOMENON

DI virus genomes are thought to arise from errors that occur dur-
ing the replication process. This is principally a result of the rep-
lication complex containing the nascent RNA detaching from the
template and reattaching at a different point on the same or a
different template molecule one or more times. Alternatively, syn-
thesis may continue using the nascent RNA as the template to
produce an inverted repeat sequence (Fig. 1, sections ii to iv).
However, the generation of DI viruses is not determined exclu-
sively by the virus itself. Although most cell-virus combinations
yield DI genomes, this is not always the case, and the cell can
determine whether or not DI RNA arises de novo from a particular
virus; e.g., DI RNAs were not generated by Semliki Forest virus
(SFV) in some sublines of HeLa cells even after 200 high-multi-
plicity passages of infectious virus (24), by Sendai virus in chicken
embryo lung cells (25), by vesicular stomatitis virus (VSV) in pri-
mary human skin fibroblast (26) and HeLa cells (27), or by mea-
sles virus in human diploid lung fibroblast (WI-38) cells (28).

FIG 1 Schematic of the different types of DI RNA (not to scale). The virus
genome is shown at the top with terminal sequences containing the replication
signals labeled at the 5= end (a) and at the 3= end (g). The remainder of the
genome is arbitrarily divided into sections to indicate the possible origin of
some of the DI RNA sequences. See the text for explanations of sections i to iv.
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Generation of a DI genome may involve a host-coded function, as
actinomycin D, which inhibits transcription by DNA-dependent
RNA polymerases, abrogated the generation of DI VSV (29), and
in human cells the generation of VSV DI genomes was mapped to
chromosome 16 (26). To add to the complexity, there are exam-
ples of cells which do not generate DI RNA de novo but which with
the aid of helper virus can propagate a DI RNA with which they
have been inoculated (26). To explain these phenomena, it was
postulated that the viral polymerase has a cellular constituent that
contributes to its processing fidelity. Thus, a high-fidelity poly-
merase makes no errors and gives rise to no DI genomes, while a
low-fidelity, error-prone enzyme generates a great many (30).
However, once generated, a DI RNA can be replicated. The role of
the host cell in vivo is also important as demonstrated by the fail-
ure of a DI SFV RNA to be replicated by infectious virus in mouse
brain, although this happened perfectly well in cell culture (31).

ANTIVIRAL ACTIVITY

The antiviral interfering activity of DI viruses is easy to demon-
strate in vitro and is a necessary requirement for distinguishing
them from defective viruses which are not interfering. Demon-
strating the presence of in vivo antiviral activity proved much
more difficult, and this failure, coinciding with the availability of
cloned interferon (IFN), may have contributed to the loss of in-
terest in DI viruses as antivirals in the 1980s. Key in vivo studies are
outlined below. DI viruses from a broad range of virus systems
have been investigated for their potential as antivirals, but the best
studied remain vesicular stomatitis virus, Semliki Forest virus,
and influenza virus, which are considered in detail below. How-
ever, studies with other virus systems, such as lymphocytic chori-
omeningitis virus and Junin virus (32, 33), reovirus (34), and var-
ious herpesviruses (35–37), have provided encouraging results
that demonstrate the potential of the DI virus antiviral approach.
The precision of investigation has been helped by the production
of cloned DI genomes and viruses, for example, Sendai virus (38),
classical swine fever virus (39), mouse hepatitis virus (40), Semliki
forest virus (31, 41), and influenza A virus (42, 43).

DI VESICULAR STOMATITIS VIRUS

The genome of vesicular stomatitis virus (VSV) is a single mole-
cule of single-stranded, negative-sense RNA. DI VSV is an attrac-
tive experimental system, since in the Rhabdoviridae, genome size
determines the length of the rod-shaped particle. Thus, a small DI
RNA is encapsidated in a short particle and can be separated by
velocity gradient centrifugation from longer infectious particles,
but 4 successive gradients were required to completely remove
infectivity (7). Infection with VSV by the intracerebral or intrana-
sal route in adult mice causes death in 2 to 3 days. Administration
by the same route of partially purified VSV DI particles containing
some residual infectious virus only delayed death by 1 to 2 days,
but complete protection was achieved by intracerebrally injecting
a large dose of highly purified DI virus together with a low dose of
infectious virus (44, 45). DI virus treatment also reduced the in-
fectious virus load of challenge virus in the brain. This protection
was not mediated through type I interferon and did not protect
against another strain of VSV. DI virus injected intracerebrally on
its own was immunizing (44). Protection was dependent on the
ratio of DI virus to challenge virus, and lowering the dose of DI
virus or increasing the amount of infectious virus rendered pro-
tection less effective, although animals survived until 6 to 9 days

postinfection (44, 46). No DI virus could be detected in brains of
DI virus-treated infected adult mice, raising doubts about the role
of the DI virus in protection from disease (45). However, DI RNA
was detectable in the brains of newborn mice inoculated intrace-
rebrally, although protection was weak (3/24 animals protected).
DI particles isolated from the brain were the same length as the
inoculum DI particles and could therefore have been progeny par-
ticles rather de novo-generated particles (47). Similar data were
obtained with DI rabies virus and infectious rabies virus challenge
in mice (47–49). There appears to be a real difference in levels of
replication of DI RNA in the brains of newborn and older mice,
which as with other viruses may have its root in the age-related
maturity of neurons (50). Later work using the intranasal route of
inoculation and Northern blotting showed the presence of VSV
RNA sequences in the brains of mice inoculated with a high dose
of VSV plus a lower relative amount of DI VSV particles (51).
However, the presence of DI RNA in the brain did not correlate
strongly with protection (52). Intraperitoneal injection of Syrian
hamsters with VSV resulted in a systemic infection with a lympho-
reticular pathology and little or no involvement of the central
nervous system (53). Intraperitoneal injection of DI VSV pro-
tected partially against a lethal dose of virus, and it was thought
that in contrast to the situation in the brain, type I interferon was
partly responsible for protection. Sequencing has shown that
copyback and snapback DI VSV genomes occur most commonly,
but centrally deleted genomes are also known (Fig. 1). In vivo work
with cloned DI VSV has yet to be carried out.

DI SEMLIKI FOREST VIRUS

Semliki Forest virus (SFV; Togaviridae) has a genome comprising
a single molecule of single-stranded, positive-sense RNA. Mice
infected with a virulent strain of SFV contract a fatal encephalitis.
The dose required to cause disease varies with the route of infec-
tion, with intranasal inoculation requiring one of the lowest doses.
Initially, it was demonstrated that DI SFV produced by high-mul-
tiplicity passage and inoculated intranasally completely protected
mice from disease (5, 54), although some DI SFV preparations did
not protect (14). Subsequently, two DI RNAs were cloned and
sequenced, and the cloned DI virus was produced in SFV-infected
cells transfected with transcribed DI RNA (41). The two cloned DI
RNA sequences were similar but differed in length (1,124 and
2,146 nt) and were of the type described in Fig. 1, section i, with
discontinuous regions derived from the genome. However, al-
though both interfered to the same extent in vitro, only DI virus
reconstituted with the smaller DI RNA protected mice from a
lethal intranasal SFV infection (31). It appeared that the nonpro-
tecting larger DI RNA was not replicated in mouse brain, although
this is the main target organ for infectious virus. This example
explicitly demonstrates that in vitro interference is not necessarily
synonymous with in vivo protection.

DI INFLUENZA VIRUSES

Influenza viruses A and B (Orthomyxoviridae) have genomes com-
prising 8 segments of single-stranded, negative-sense RNA. It has
long been known that DI influenza A virus interferes with the
multiplication in vivo of influenza A virus in embryonated chick-
en’s eggs (6, 55–62). Early data provided evidence of protection
from pneumonia in adult mice inoculated intranasally with virus
preparations containing putative DI virus (55, 63–65) and from
encephalitis in adult mice inoculated intracerebrally (55, 66). In
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another study of respiratory disease, there was no protection but
the infectious virus load in the lung was reduced (45). However, in
general, the level and consistency of protection were low, and
controls to permit the conclusion that protection was due to the
activity of the DI RNA, rather than some other part of the virus
particle, were lacking. Indeed, one study concluded that DI virus-
mediated protection of mice from pneumonia resulted from stim-
ulation of humoral immunity (46).

Unlike the case with VSV, the problem of helper influenza
virus infectivity contaminating the DI virus preparations could
not be solved by purification as the two types of particle differ only
in having a different amount of one RNA segment. However, it
was circumvented by inactivating the infectivity of the helper virus
with a low dose of UV irradiation. This does not appreciably affect
the antiviral activity of the DI virus. This works because a single
UV-induced lesion anywhere in the infectious genome of approx-
imately 13,600 nucleotides kills the infectivity, while the DI virus
RNA target is typically only 400 to 500 nucleotides. Prolonged UV
irradiation of DI virus or inactivation with �-propiolactone, each
of which targets RNA and destroys interfering activity without
affecting the integrity of the virus particle or its hemagglutinin or
neuraminidase titers, provides a control for active DI virus. Such
preparations provide an in vivo control for active DI virus, as they
have the same antigens (and impurities) and stimulate the same
host responses. Indeed, in a large number of experiments and in a
variety of experimental settings, DI virus given by the intranasal
route reproducibly protected the majority of mice (also intrana-
sally infected), while inactivated DI virus gave no significant pro-
tection (67–74). Use of different strains of mice demonstrated that
the protection phenomenon was not restricted to a particular ge-
notype (72). Ferrets too were significantly protected from influ-
enza by active but not inactivated DI virus (75). Thus, protection
can be attributed solely to the properties of the DI RNA. However,
there was still the problem of there being many different DI RNA
sequences in each preparation (12).

CLONED DI INFLUENZA A VIRUS

The 8 RNA segments that comprise the influenza genome are
believed to replicate independently of each other but are packaged
in a coordinated fashion so that each virus particle contains a
single copy of each of the 8 segments (76, 77). In agreement with
the earlier finding that DI influenza virus had a lower RNA con-
tent than infectious virus (78), it was apparent that preparations of
DI influenza virus are deficient in one or more genome segments,
usually segment(s) 1, 2, or 3, and these are replaced by a cognate
DI RNA (12, 13, 79–86). Thus, an influenza virus particle can have
a full-length virion RNA segment or a DI RNA derived from that
segment, but not both. It is not known if a DI particle can have
more than one genome segment replaced with a cognate DI RNA.
Influenza DI RNAs are all simple deletions of the parental segment
from which they are derived and are probably formed as a result of
a faulty replication process which results in the loss of a central
region of the genome segment and the linking together of the
remaining terminal portions by read-through (Fig. 1, section i).
The position of the deletion is highly variable; hence, there can be
a large number of different DI RNA sequences derived from just
one virion segment with a single DI influenza virus preparation
containing over 50 different DI RNA sequences (12). The mean
and median for influenza DI RNAs derived from segment 1, 2, or

3 was 400 to 500 nucleotides, so these will have lost approximately
80% of their sequence.

Reverse genetics plasmids encoding individual influenza virus
enabled DI RNAs and infectious helper virus to be “rescued” into
virus particles, producing stocks of cloned DI virus (and helper
virus) containing a single DI RNA sequence (87, 88). After ampli-
fication in eggs and purification, the cloned DI virus preparation
was UV irradiated as described above to inactivate helper virus
infectivity. It was administered intranasally to mice together with
a lethal dose of infectious virus. However, the first cloned DI virus
succeeded only in delaying disease and death (43).

Consistent with data from noncloned DI virus stocks, it was
found that different cloned DI RNA sequences protect mice to
differing extents (42). One of these (244 DI RNA) provided strong
in vivo prophylaxis and therapy (42, 89–91). 244 DI RNA was
generated spontaneously from segment 1 of A/Puerto Rico [PR]/
8/34 virus (PR8; H1N1) during a reverse genetics experiment to
produce infectious virus. It was subsequently cloned and ex-
pressed as a DI PR8 virus. 244 DI RNA is a classical influenza virus
DI RNA of 395 nucleotides, being formed by a single deletion and
having the original terminal sequences (Fig. 1, section i, and Fig.
2). Expression by reverse genetics results in a mixture in which 244
DI virus predominates over infectious virus. The strong interfer-
ing properties of 244 DI virus were seen when transfection of
increasing amounts of 244 DI plasmid relative to plasmids encod-
ing infectious virus abrogated virus production in an MDCK cell-
based interference assay titration (42) and reduced virus yield by
�99% in embryonated eggs inoculated with increasing amounts
of 244 DI virus (our unpublished data).

244 DI and infectious particles appear identical in morphology
and protein content as determined by transmission electron mi-
croscopy and polyacrylamide gel electrophoresis, respectively
(our unpublished data). The use of cloned DI RNA has allowed
the biological properties of an influenza virus DI RNA to be re-
lated to its sequence for the first time, making 244 DI RNA the
most extensively characterized of the influenza A virus DI RNAs.

PROTECTION OF ANIMALS FROM TYPE A INFLUENZA
VIRUSES BY CLONED INFLUENZA A VIRUS DI RNA
(HOMOLOGOUS PROTECTION)

The targeted delivery of a DI influenza virus RNA packaged by an
influenza virus particle to cells that are susceptible to infectious
virus is an essential requirement for successful treatment and ex-
plains how a small dose of DI RNA can be effective as an antiviral.
DI influenza RNA, delivered by nasal administration to the respi-
ratory tract, reaches precisely the cells that are, or potentially can
be, infected by an invading pathogenic influenza virus, because it
is carried there and introduced into the cell by a virus particle that
retains cell targeting and entry functions. Influenza A viruses bind
to one of two isomeric forms of sialic acid on the surface of target

FIG 2 Schematic diagram of the structure of influenza 244 DI RNA. This
395-nucleotide RNA was derived by a single central deletion from the full-
length genomic segment 1 (2,341 nucleotides) of A/PR/8/34 (H1N1) (42).
Numbers indicate the nucleotide positions of the breakpoints in the genomic
segment 1 RNA (negative sense, 3= to 5=). The sequence is in GenBank under
accession number FB718012.
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cells through their hemagglutinin major surface glycoprotein.
This is often oversimplified to avian influenza viruses using the
N-acetylneuraminic acid (NANA) �2,3Gal form of the receptor
and mammalian viruses the NANA �2,6Gal form. However, the
actual situation is more complex, with both receptor types being
present in both avians and mammals, although in differing pro-
portions in the various parts of the respiratory tract. For example,
the human upper respiratory tract has a high ratio of NANA
�2,6Gal to NANA �2,3Gal, while this is reversed in the lower
respiratory tract (92). For optimum protection, it is therefore
important that DI virus delivers its DI RNA to cells bearing
either type of receptor. To this end, a substrain of PR8 was
identified that is dual receptor specific (93). Its hemagglutinin
and neuraminidase proteins were cloned and used to create a
delivery particle that recognizes both types of receptor. This
was effective in delivering DI RNA to the respiratory tracts of

mice and ferrets, in which NANA �2,3Gal and NANA �2,6Gal
predominate, respectively.

For preclinical investigations, inbred strains of mice are in-
fected with virulent influenza viruses under light anesthesia. Such
mice develop an acute respiratory disease of approximately 3 to 7
days’ duration which progresses to pneumonia and death through
a readily recognizable sequence of clinical events. This is accom-
panied by weight loss which can exceed 25%. A single dose of 244
DI virus (1.2 �g DI virus protein containing 8 pg 244 DI RNA),
given intranasally to mice before or at the same time as infection
by the same route prevented nearly all clinical signs of infection
(Fig. 3a), while a dose of 0.12 �g DI virus (0.8 pg DI RNA) pro-
tected nearly as well (42). A single dose of cloned 244 DI virus
protected several different inbred mouse strains from clinical in-
fluenza, indicating that host genetics is not an issue.

Therapeutic administration of 244 DI virus to mice previously

FIG 3 Comparison of prophylactic (a, b) and therapeutic (c, d) protection of mice mediated by a single dose of intranasal 244 DI virus. (a, c) Homologous
protection from clinical disease caused by intranasal influenza A virus (A/WSN, H1N1); (b, d) heterologous protection from clinical disease caused by intranasal
pneumonia virus of mice (PVM). Mice were 5-week-old C3H/He-mg. The filled and open arrows indicate the delivery of the DI virus and the challenge virus (10
50% lethal doses [LD50]), respectively. Mice were anesthetized before inoculation. DI virus was administered at a time that gives optimum protection in each
virus system. On the y axis, a score of 1 indicates a normal healthy mouse and 5 is a dead mouse; a score of 2 to 4 refers to increasingly severe clinical disease
estimated on a formal scale (42). In parentheses is the percentage survival at the end of the study. Helper virus infectivity was removed from the DI virus
preparation by UV irradiation for 40 s. For the prophylaxis studies depicted in panels a and b, the symbols indicate: �, 1.2 �g DI virus protein; �, 0.12 �g DI
virus; Œ, 0.012 �g DI virus (PVM only); �, 1.2 �g DI virus inactivated by extensive UV irradiation (8 min) for influenza and PVM challenges, respectively; Œ,
a control group inoculated with diluent—these all had a value of 1. For the therapeutic studies (panels c and d), influenza and PVM infections were treated with
optimally effective amounts of DI virus (12 �g and 1.2 �g protein, respectively). Mice were treated with DI virus after infection at the following times: 1 day (�),
2 days (�), or 3 days (Œ; PVM only); with inactivated DI virus at 1 day (�); or with diluent (Œ)—these all had a value of 1. Data are from references 42 and 96.
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given a lethal dose of infectious virus is also protective (Fig. 3c)
(42). Treatment at 1 day after infection with 12 �g DI virus pro-
tein per mouse was completely effective, and treatment at 2 days
after infection delayed the appearance of clinical signs and re-
duced mortality. Treatment at 3 days after infection (not shown)
was ineffective. The ratio of DI genomes to infectious genomes is
key to understanding this situation, since as the infection takes
hold, the number of infectious genomes increases to a point where
the amount of DI RNA administered is insufficient to influence
the course of disease.

The ferret does not usually develop pneumonia and thus is a
better model of human influenza than the mouse and is the gold
standard for agencies that regulate human medicines. A single
dose of DI RNA (2 �g RNA in 300 �g virus protein) given 2 h
ahead of infection protected ferrets from infection with 2009
H1N1 pandemic virus, significantly reducing the severity of all
clinical disease parameters. This protection was statistically better
than that achieved with oseltamivir, the current major influenza
antiviral, which was given as 10 doses over 5 days (25 mg/kg) (as
prescribed for humans) (89, 90). The 50% protective dose of DI
virus in ferrets was not determined. Amplified DI virus and prog-
eny infectious virus, which both carry the surface antigens of the
challenge virus, were cleared from the respiratory tract at the same
time as the virus in infected, untreated control animals. It is
thought that clearance is effected by the action of the innate and
adaptive immune systems destroying infected cells that express
budding DI virus or infectious virus on their surface and mopping
up free DI virus and infectious virus.

An important clinical consequence of 244 DI virus administra-
tion is that replication of infectious challenge virus was reduced
but not completely inhibited. The reduced amount of infectious
virus was compensated for by production of DI virus of identical
antigenic composition, and together these stimulate adaptive im-
munity (including hemagglutination-inhibiting and neutralizing
antibody) and render animals (mice and ferrets) immune to rein-
fection with a high dose of the same virus (42, 89, 90). However, a
very high dose of 244 DI virus inhibited this immunity, by pre-
sumably reducing antigen production to a subimmunogenic level
(42). In addition to protecting young adult animals, 244 DI virus
protected elderly, obese mice from acute infection, and these mice
also developed solid immunity to the same infectious virus in a
subsequent challenge (94). Thus, 244 DI RNA converts a poten-
tially lethal disease into an avirulent infection with no overt symp-
toms of disease— effectively, a live vaccine. Finally, it is worth
noting how much more effective cloned 244 DI virus is than non-
cloned DI virus at protecting mice from influenza in vivo. It re-
producibly provides a longer window for prophylaxis and ther-
apy, is effective at a lower concentration, and requires only a single
dose.

INFLUENZA A DI VIRUS ALSO PROTECTS IN VIVO AGAINST
HETEROLOGOUS VIRUSES

Although it is generally held that a DI virus interferes only with the
virus from which it was derived or one to which it is closely related,
244 DI virus protected mice from clinical disease caused by pneu-
monia virus of mice (PVM; Paramyxoviridae, genus Pneumovirus)
and an influenza B virus (95, 96). Members of the Influenzavirus A
and Influenzavirus B genera of the Orthomyxoviridae are deemed
heterologous, as they are genetically distinct, do not undergo RNA
segment reassortment, and do not support each other’s replica-

tion. DI virus-mediated prophylaxis and therapy in the heterolo-
gous systems were both highly effective. Prophylaxis was optimal
when given 1 day ahead of infection with PVM, and 1.2 �g 244 DI
virus protein (8 pg 244 DI RNA) per mouse gave complete pro-
tection (Fig. 3b). In a dilution series, 0.12 �g DI virus protein (0.8
pg DI RNA) gave significant protection, while 12 pg DI virus (80 fg
DI RNA) merely delayed the infection by 1 day. A comparison of
heterologous protection with PVM with homologous protection
(Fig. 3a and b) suggests that the latter is approximately 5-fold
more effective. Twelve and 1.2 �g of DI virus protein given 3 to 4
days before heterologous challenge gave significant protection,
but homologous protection was effective for a much longer time
(our unpublished data). This difference presumably reflects the
different mechanisms that operate between heterologous protec-
tion (type I interferon) and homologous protection (direct inter-
ference) and the intrinsic inability of heterologous viruses to am-
plify the influenza A virus DI RNA (see below).

Therapy with 1.2 �g DI virus protein per mouse at 1 day after
infection with PVM greatly reduced clinical disease and abrogated
mortality completely (Fig. 3d). Therapy at 2 days after infection
halved the mortality, but therapy at 3 days after infection was
ineffective. However, heterologous therapy was achieved with ap-
proximately 10% of the dose required for homologous protection
(Fig. 3c and d). This result might reflect the relative sensitivities of
PVM and influenza A/WSN virus to type I interferon, but that was
not tested. Extensive UV irradiation of DI virus, described above,
abrogated heterologous protection, suggesting that the 244 DI
RNA was the entity responsible (95, 96).

HOW DOES INFLUENZA 244 DI VIRUS RNA MEDIATE
PROTECTION IN VIVO?

In general terms, DI RNA-mediated protection can be viewed as
an alteration in the virus-host relationship in favor of the host.
Interference with the replication of infectious virus delays the
progress of infection and reduces the virus load, allowing host
defenses sufficient time to mount effective antiviral responses that
clear infectious and progeny DI virus and go on to establish pro-
tective immunity. Analysis of how such protection is achieved
indicates that there are at least two distinct mechanisms at play,
one relevant to influenza A viruses and a second that acts against
other respiratory viruses.

PROTECTION AGAINST DISEASE MEDIATED BY INFLUENZA
A (HOMOLOGOUS) VIRUSES

The current view of the protection scenario is that DI virus follows
the route of infection taken by infectious virus. It binds via its
hemagglutinin to target cells and introduces its DI RNA, as a ri-
bonucleoprotein, into the cell. DI RNA then moves to the nucleus,
and is transcribed by its associated RNA-dependent RNA poly-
merase into positive-sense antigenome DI RNA and DI mRNA.
No replication is possible as this DI virus lacks a complete segment
1 RNA and cannot synthesize PB2 protein, an essential compo-
nent of the de novo RNA-dependent RNA polymerase required to
transcribe newly synthesized antigenome positive sense DI and
full-length RNA into their negative sense complements (B. Meng,
N. J. Dimmock and A. J. Easton, unpublished data). If no infec-
tious influenza A virus enters that cell, the DI RNA eventually
decays. The dynamics of nonreplicating DI RNA in mouse lung
after intranasal instillation of DI virus was followed by quantita-
tive PCR. Figure 4 shows that the majority of DI RNA is lost in the
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first 2 h, possibly by the loss of excess volume from the respiratory
tract due to the relatively large amount inoculated (20 �l per
nare), with much of the virus failing to reach the host cells. Nev-
ertheless, based on quantitative data (97), at 2 h postinoculation
there were approximately 2.3 copies of DI RNA per lung epithelial
cell. The loss of DI RNA was higher over the first week than that
over the succeeding 6 weeks, and the amount of DI RNA was
extrapolated to zero after 6 months. This gives an indication of the
protective amount, as the dose of 244 DI virus routinely employed
would result in approximately 1 DI RNA copy per 5 respiratory
tract epithelial cells and protected mice for 1 to 2 weeks. A higher
dose of DI RNA provides longer lasting protection, as it takes
longer for the DI RNA to degrade to the 50% protecting dose.
However, PCR may exaggerate the stability of intact DI RNA as it
records the presence of only a fragment of the DI RNA. Nonethe-
less, these data are in broad agreement with an earlier report in
which MDCK cells were inoculated with noncloned, noninfec-
tious DI influenza virus. Cells showed no pathology and grew at a
normal rate, and cultures were subdivided every few days as usual.
Initially, these cells completely resisted challenge with homolo-
gous virus. The half-life for resistance was 3 to 4 weeks (98). It was
inferred that cells received multiple DI genomes and that these
segregated to daughter cells at mitosis. Loss of resistance was pre-
sumed to result from dilution of DI genomes as cells divided and
from degradation of the DI RNA.

Table 1 indicates the amount of 244 DI RNA that protected
mice against a lethal dose of influenza virus as shown in Fig. 3a.

This is the amount contained in 1.2 �g 244 DI virus protein. There
is an initial loss of DI RNA in the first 2 h after infection (Fig. 4),
which results in a maximum total of 1 DI RNA per 5 respiratory
tract cells. The ratio of DI RNA copies to infectious virus units
inoculated is estimated as a million to one, and this indicates in
approximate terms the amount of DI RNA that is needed for pro-
tection. However, Fig. 3a shows that mice were also protected
using 10-fold less DI virus.

When infectious virus infects a cell in which the DI RNA is
present, the proteins it provides in trans direct replication of full-
length and DI RNAs, with DI RNA amplified up to 10,000-fold
(89–91). The UV irradiation that inactivates helper virus has the
additional benefit of inactivating full-length RNAs present in the
DI particle. Hence, these are not replicated. Observation shows
that DI RNA is made preferentially over its cognate full-length
RNA and that packaging into progeny particles, which appears
to be a stochastic process, ensures that DI particles predomi-
nate (�99%). The overall result is a preponderance of DI virus
progeny over infectious virus progeny. De novo-synthesized DI
RNA is packaged by the proteins of the infecting virus and thus
is antigenically identical to the infecting virus. In a cycle of
events that continues until the infection is resolved, progeny DI
virus delivers newly synthesized DI RNA to other cells of the
respiratory tract. Empirical evidence suggests that the ability of
a DI RNA sequence to protect is specific to that sequence, al-
though that relationship is not understood (42). Having the
infecting virus amplify the very antiviral that will lead to its
own demise is a satisfying twist to the DI virus story and makes
DI RNA unique among prodrugs.

The activity of the 244 DI RNA is based on a commonality of
genome replication which has been retained by all influenza A
viruses irrespective of origin. As a result, DI RNA interference/
protection is likely to be universal among members of the In-
fluenzavirus A genus, as their common genetic system means
that any influenza A virus can replicate any influenza A DI RNA
and, hence, be inhibited by it. Indeed, 244 DI virus protects
against virus strains from a number of different influenza A
subtypes (42). 244 DI virus completely suppressed clinical dis-
ease in mice with severe combined immunodeficiency (SCID),
but after a further week, these mice developed disease of the
normal pattern and succumbed. Thus, adaptive immunity is
not needed for DI RNA to control the acute phase of disease.
Further investigation showed that the amount of DI RNA in the
lung had not declined and that infectious virus had not mu-
tated to escape the DI RNA. It was concluded that adaptive
immunity was required for clearance of infectivity (91), al-
though the facet of the adaptive immune system responsible
was not established.

FIG 4 Decay of 244 DI RNA in the lungs of mice inoculated with 12 �g 244 DI
virus protein. The amount of 244 RNA associated with the lung was deter-
mined by quantitative PCR (89). Also shown is the amount of 244 RNA ad-
ministered initially (inoculum) and the lack of signal at 1 and 6 weeks in the
lungs of mice inoculated with diluent (mock) (B. Meng, A. J. Easton, and N. J.
Dimmock, unpublished data).

TABLE 1 Calculation of the number of copies of 244 DI RNA required for protection of a mouse from 10 LD50 of influenza A/WSN virusa

Total no. of cells covering
the surface of the RTb

No. of DI RNA copies inoculated
per RTc

No. of DI RNA copies remaining
in the RT after 2 hd

No. of DI RNA copies per cell
in the RT after 2 h

1.36 � 108 1.32 � 108 2.6 � 107 0.19
a Delivered intranasally as 100 50% tissue culture infective doses (TCID50) of 244 DI virus; the infectious virus was also delivered intranasally.
b Based on a previous study (97) which determined the areas of the various parts of the mouse respiratory tract (RT); assumes that the area of a respiratory tract epithelial cell is
1.6 � 10�3 mm2.
c B. Meng, A. J. Easton, and N. J. Dimmock, unpublished data.
d See Fig. 4 for the loss of DI RNA from the mouse RT (approximately 50-fold) that occurs in the first 2 h after infection.
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PROTECTION AGAINST DISEASE MEDIATED BY
NON-INFLUENZA A (HETEROLOGOUS) VIRUSES

Heterologous and homologous interference and protection differ
intrinsically, as by definition heterologous viruses cannot replicate
and amplify the DI genome or be subject to DI virus-mediated
genome competition. Use of type I interferon receptor-null mice
and direct assay for interferon in the lungs of mice inoculated with
244 DI virus (in the absence of infectious virus) demonstrated that
heterologous prophylaxis was mediated through the type I inter-
feron system (95, 96). There were also indications that 244 DI
RNA may stimulate factors in addition to type I interferon that
contribute to protection, as there was a consistent 4-day delay in
the onset of disease compared with that for the normal mouse
infected controls (95, 96). A possible candidate is type III lambda
interferon (IFN-�), shown recently to be important in protection
against influenza A and B viruses in vivo (99–101). It is possible
that the interferon stimulated by influenza DI virus acts by en-
hancing the maturation of dendritic cells (8, 9). The inference
from these studies is that 244 DI RNA may be able to protect
against all type I interferon-sensitive respiratory viruses. Unlike
the systemic administration of a large dose of pure interferon,
intranasal 244 DI virus caused no observable toxic effects (fever,
weight loss, or other clinical signs) in mice or ferrets, probably
because it generated relatively small amounts of interferon, locally
and over a period of time.

DI RNAs from the Rhabdoviridae and Paramyxoviridae, which
are known to stimulate interferon, are all extensively double
stranded and are formed by partial or complete self-copying
(copyback and snapback RNAs, respectively) (Fig. 1, sections iii
and iv) (102–105). However, their ability to protect against virus
infections in vivo has not been tested. As influenza A DI RNAs in
general and 244 DI RNA in particular have no extensive double-
stranded regions, it is surprising that an influenza 244 DI virus can
protect mice in a type I interferon-dependent manner from het-
erologous respiratory viruses.

Animals treated with 244 DI virus and challenged with heter-
ologous viruses generated solid protective immunity to those
challenge viruses, indicating that the DI RNA reduced but did not
eliminate replication of the infectious virus, a scenario which par-
allels that seen with influenza A virus (95, 96).

RESISTANCE TO INFLUENZA VIRUS DI RNA IS HIGHLY
UNLIKELY

Resistance to antivirals is well known in the virus world, with
mutations arising at a rate of approximately 10�5 nucleotide
changes per round of replication. Resistance of influenza viruses
circulating in the human population to the antiviral oseltamivir
phosphate (Tamiflu) has been widely reported (1, 106, 107). To
overcome such resistance, combinations of drugs, each with a dif-
ferent target, can be used to reduce the likelihood of escape mu-
tants arising. It was only when 3 antivirals, acting on different
elements of human immunodeficiency virus, were given simulta-
neously that infections were brought under control. In so doing,
the chance of a mutant virus arising that was resistant to all 3
antivirals was reduced from 10�5 to 10�15. Resistance of infec-
tious viruses to interference by a cognate DI genome is theoreti-
cally possible only if the replicase and its recognition sequence
mutate simultaneously so that they can no longer efficiently rec-
ognize the DI genome. The only recorded example occurred when
a persistent VSV infection was established with the aid of DI VSV

in a continuous tissue culture system (108–110). Because influ-
enza A virus DI RNA-mediated protection against influenza A
virus infection operates at the genetic level and the infectious ge-
nome is composed of 8 separate RNAs, a resistant mutant can arise
only if there is simultaneous mutation of each of the 8 genome
segments. With a mutation rate of 10�5 for each genome segment,
the chance of an escape mutant arising is 1 in 1040. This is 1025-fold
less likely than resistance to the triple HIV-1 therapy, of which
there has been none since its inception in clinical practice some 30
years ago. In addition, there would also have to be a mutation(s) of
the influenza RNA-dependent RNA polymerase to match the mu-
tation in the 8 genome segments. The 10�40 figure is thus a low
estimate of the chance of infectious influenza A virus escaping
interference by an influenza virus DI RNA.

CHOICE OF DELIVERY VEHICLE

The human respiratory tract contains cells bearing the NANA
�2,6Gal and NANA �2,3Gal receptors for influenza viruses, with
the former found predominantly in the upper respiratory tract
and the latter in the lower respiratory tract. Consequently, a help-
er-delivery system is required to have dual receptor specificity as
discussed above. While it is possible to treat immunologically na-
ive mice 10 times (at 1 dose per week) with a protective dose of DI
virus with little loss of protective effect (P. D. Scott and N. J.
Dimmock, unpublished data), the prevailing host immunity
needs to be considered, as a DI virus can be neutralized by the
same antibodies as those that neutralize infectious virus. Choice of
the delivery system would therefore depend inter alia on the im-
mune status of the population designated for treatment. In prin-
ciple, any influenza A virus can package DI RNA and serve as the
helper-delivery virus, providing it meets with other criteria, such
as seroprevalence and growth requirements. The current choice is
A/PR/8/34 (H1N1), a human virus isolated in 1934. The sero-
prevalence of neutralizing antibodies to the glycoproteins of PR8
is likely to currently be extremely low, as even in 1975 there was no
difficulty in finding antibody-free individuals (111). Further, the
average life expectancy for those born in the United States in 1934
was only 58 years (112) or less in many other parts of the world.
Thus, only a small proportion of people alive today (80 years later)
will have been infected with PR8. PR8 is safe to use as it has neg-
ligible infectivity for people (111) and has served as the backbone
for the recombinant viruses that are used for making human vac-
cines since their inception.

CONCLUDING REMARKS

DI RNA is an entirely novel type of antiviral that has been designed
by nature. DI influenza RNA could potentially be delivered by any
influenza A virus. Thus, cells that are susceptible to influenza virus
are specifically targeted, and a miniscule amount of DI RNA is
clinically effective. DI RNA is amplified over 10,000-fold by influ-
enza A viruses, and nascent progeny DI particles are spread
throughout the respiratory system, making DI virus a unique type
of prodrug. Without influenza A virus infection, DI RNA natu-
rally decays, but with infection virus-specific immunity, which
clears free DI and infectious virus and infected cells, it is stimu-
lated. Finally, DI RNA-treated individuals infected with a homol-
ogous influenza A virus or a heterologous virus develop solid im-
munity to the challenge virus but not the DI virus. Thus, in
addition to being a “prodrug,” DI virus is also a “provaccine.” The
net result is that influenza 244 DI RNA is highly protective in vivo
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against influenza A viruses and other respiratory viruses in terms
of prophylaxis, therapy, and postinfection immunity. Identifica-
tion of the infectious agent is not required, as the DI virus is pre-
dicted to be universally active against all respiratory viruses. Un-
like a vaccine, which takes several weeks to stimulate full
immunity, DI virus-mediated protection is effective immediately.
It inspires confidence in the fight against the continuously evolv-
ing influenza viruses that 244 DI virus, formulated in 2006, pro-
tected against a pandemic influenza A virus that did not exist until
2009 (89, 90). The likelihood of resistance arising is extremely low.
The preclinical success of the DI virus approach as an antiviral
against influenza A and other respiratory viruses argues for con-
sidering the development of a family of antivirals based on DI
nucleic acids that can be targeted to a range of important human
and animal diseases. However, the transfer of this technology to
people now requires validation in clinical trials.
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